Oxidative damage to DNA can be caused by excited oxygen species, which are produced by radiation or are by-products of aerobic metabolism. The oxidized base, 8-hydroxydeoxyguanosine (oh8dG), 1 of =20 known radiation damage products, has been assayed in the DNA of rat liver. oh'dG is present at a level of 1 per 130,000 bases in nuclear DNA and 1 per 8000 bases in mtDNA. Mitochondria treated with various prooxidants have an increased level of oh8dG. The high level of oh8dG in mtDNA may be caused by the immense oxygen metabolism, relatively inefficient DNA repair, and the absence of histones in mitochondria. It may be responsible for the observed high mutation rate of mtDNA.
Excited oxygen species such as the superoxide radical, hydrogen peroxide, and the hydroxyl radical are formed in vivo during aerobic metabolism as well as during radiation (1) . Although cells have developed various enzymatic and nonenzymatic systems to control excited oxygen species (2), a certain fraction escapes the cellular defense and may cause permanent or transient damage to proteins, lipids, and nucleic acids. Oxidative damage has been suggested to contribute to aging and to a host of diseases including cancer, chronic inflammation, ischemia, degenerative arterial, and autoimmune diseases (3) (4) (5) (6) (7) (8) .
The critical targets that may be affected by excited oxygen during aging and in diseases have not yet been identified with certainty. Since DNA plays a central role in the information transfer between generations of somatic cells, much attention has been given to its oxidative damage, particularly in relation to aging and cancer (3, (5) (6) (7) (8) (9) (10) (11) (12) . A high rate of oxidative damage to mammalian DNA has been demonstrated by measuring oxidized DNA bases excreted in urine after DNA repair (5) (6) (7) (8) . The rate of oxidative DNA damage is directly related to the metabolic rate and inversely related to life span ofthe organisms (7) . This work has not distinguished between damage to nuclear and mitochondrial DNA (mtDNA).
Mitochondria (along with chloroplasts) occupy a unique position among cellular organelles because they possess a separate genome and all the enzymatic machinery for transcribing and translating the genetic information into proteins. Although mitochondria are also an important source of excited oxygen species (13) , oxidative damage of mtDNA has not been assessed. We report here the presence of 8- hydroxydeoxyguanosine (oh8dG) in mtDNA and nuclear DNA (nDNA) of rat liver, a compound that has been shown to be formed in nDNA by excited oxygen species and to be easily measured (14) (15) (16) (17) (18) .
MATERIALS AND METHODS
Isolation ofMitochondria. Mitochondria were isolated from the livers of 6-month-old female rats (=200 g; SpragueDawley) by conventional differential centrifugation as described (19) .
Incubation of Mitochondria with Alloxan and Ca2+. Mitochondria were incubated with 60 nmol of Ca2" per mg of protein and 5 mM alloxan for 15 min as described (19 (Fig. 1 and Table 1 ). Besides oh8dG, the chromatogram shows several electrochemically responsive compounds whose identities are presently unknown. In nDNA assayed from the same rat livers, we found a 16 times lower level of oh8dG (0.025 pmol/pg; 0.004 SD; n = 4). Since mtDNA comprises only -1% of total cellular DNA and our recovery of mtDNA is 70%o, the maximal possible contamination of mtDNA in nDNA, 0.3%, could not account for the oh8dG in nDNA.
Several control experiments ascertained the validity of the results obtained with mtDNA. The mitochondrial origin of the DNA was confirmed by agarose gel electrophoresis and restriction enzyme digestion. Artifactual oxidation of mtDNA during isolation and analysis was ruled out in two ways: (i) the presence of the antioxidant butylated hydroxy- toluene (0.1%) during the isolation did not change the level of oh8dG; (ii) in pUC18 plasmid DNA added to isolated mitochondria and carried through the DNA isolation procedure, no oh8dG was detected. When isolated rat liver mtDNA, calf thymus nDNA, and pUC18 plasmid DNA were incubated with Cu2+/ascorbate, approximately equal amounts of oh8dG (2.7-3.1 pmol per ,ug of DNA) were formed, indicating that mtDNA is not inherently more sensitive to oxidative damage under these conditions.
If oh8dG were formed in mtDNA by excited oxygen species, it should be possible to increase its level by oxidative stress. To test this, we treated isolated rat liver mitochondria with prooxidants (Table 1) . Alloxan, which is reduced by pyridine nucleotides and stimulates the intramitochondrial formation of oxygen radicals (19) , increases the level of oh8dG in mtDNA. When the alloxan-induced oxygen radical formation is limited by Ca2"-dependent intramitochondrial pyridine nucleotide hydrolysis (19) , less oh8dG is formed than in the absence of Ca2". Iron ions, known to catalyze the formation of hydroxyl radicals from hydrogen peroxide (22), also stimulate the formation of oh8dG. Furthermore, DNA in mitochondria is oxidized by y-rays. About 0.53 pmol of oh8dG per Ag ofmtDNA was formed at a dose of 15 krad. This dose increased oh8dG in nuclei obtained from the same livers from 0.020 to 0.088 pmol per ug of DNA (result not shown in Table 1 ). The lower susceptibility in nDNA may be due to shielding proteins. Irradiation of isolated mtDNA yielded -2.3 pmol of oh8dG per Ag of DNA. DISCUSSION Oxidants, such as radiation, can cause various types of damage to DNA, such as strand breaks and oxidation ofsugar and base residues (23) (24) (25) (26) (27) . The C-8 position of deoxyguanosine in DNA is hydroxylated to yield oh8dG (28) , which can be measured with high sensitivity by high-performance liquid chromatography in combination with electrochemical detection and is thus a useful indicator for oxidant-induced DNA damage (14) (15) (16) (17) (18) 28) . We also find a variety of other electrochemically active adducts in mtDNA (Fig. 1) , some of which appear to be oxidative adducts. The identity of these adducts is under investigation. oh8dG has so far been measured in nDNA of mouse liver, HeLa cells, human granulocytes, and rat kidney (16) (17) (18) . The reported levels range from 0.006 to 0.015 pmol/,ug in untreated cells, values similar to those we find in the nDNA of rat liver. In contrast, a much higher level of oh8dG is found in mtDNA. Assuming 1 x 107 Da for mtDNA and 1 x 104 mtDNA copies (29) , it can be calculated that =4.1 x 104 oh8dG residues are present in the mitochondrial genome of a rat liver cell. An analogous calculation yields 1.4 x 105 oh8dG residues for the nuclear genome.
As oh8dG is but 1 of -20 known primary DNA damage products caused by radiation (23) (24) (25) (26) (27) , the other products are presumably also being formed (5-7), as well as single and double strand breaks. Thus, oh8dG might represent only 5% %.F-VFW Genetics: Richter et al.
of the total oxidative DNA damage (23) (24) (25) (26) (27) (41) (42) (43) (44) (45) (46) .
In vertebrates, mtDNA evolves 5-10 times faster than nDNA of the same organism (47) . The mean rate of divergence over the whole mtDNA molecule is -2% per 106 years (48) . The main reason for the high rate of evolution of mtDNA could be the high oxidative stress shown in this report in combination with the relative inefficiency of replication error and DNA damage repair (49) . Another reason seems to be relaxed constraints on components of the mitochondrial translation apparatus (50) .
In summary, mtDNA is much more oxidatively damaged than nDNA, although the damage of nDNA also appears to be very high. Both types of DNA damage may be relevant for an understanding of the molecular mechanisms underlying aging, certain diseases, and certain types of cancer. 
